With the accelerated aging of human society Alzheimer's disease (AD) has become one of the most threatening diseases in the elderly. However, there is no efficient therapeutic agent to combat AD. Berberine is a natural isoquinoline alkaloid that possesses a wide range of pharmacological effects. In the present paper, we review the multiple activities of berberine, including antioxidant, acetylcholinesterase and butyrylcholinesterase inhibitory, monoamine oxidase inhibitory, amyloid-β peptide level-reducing and cholesterol-lowering activities, which suggest that berberine may act as a promising multipotent agent to combat AD.
Introduction
As the most common form of dementia, Alzheimer's disease (AD) has been one of the most threatening diseases in the elderly with the accelerated aging of human society [1] [2] [3] [4] . Multiple factors have been recognized to be implicated in the pathogenesis of AD, which provide diverse targets, including oxidative stress, acetylcholinesterase enzyme (AChE), butyrylcholinesterase (BChE), monoamine oxidase (MAO), amyloid-β peptide (Aβ) aggregation, etc. [5] [6] [7] [8] [9] [10] , to screen drugs to treat this disease. Although much effort has been devoted to the anti-AD drug discovery in recent years, there are no efficient therapeutic agents for AD at present.
OPEN ACCESS
Berberine ( Figure 1 ) is a natural isoquinoline alkaloid isolated from the Chinese herb Rhizoma coptidis, which has been widely used in Chinese herbal medicine. Berberine has gained much attention in recent years owing to its multiple biochemical and pharmacological effects, including anticancer, antiviral, and antibacterial activities [11] [12] [13] [14] [15] [16] . Accumulating evidences indicate that berberine also possesses potential to treat AD [17, 18] . For instance, it was demonstrated that intragastric administration of berberine (50 mg/kg) once daily for 14 days significantly ameliorated the spatial memory impairment in the rat model of AD [18] . In the present review, it is suggested that berberine may act as a promising multipotent agent to combat AD on the basis of the natural product's multiple activities, such as antioxidant, AChE and BChE inhibitory, MAO inhibitory, Aβ level-reducing and cholesterol-lowering activities. 
Antioxidant Activity
It has been widely recognized that oxidative damage plays an important role in the pathogenesis of AD [5, [19] [20] [21] [22] . Cellular oxidative stress and/or nitrosative stress, including augmentation of protein oxidation, protein nitration, glycoloxidation, and lipid peroxidation are involved in AD pathogenesis [5, [19] [20] [21] [22] . The antioxidant activity of berberine has been widely demonstrated [17, [23] [24] [25] [26] [27] [28] . First, it was reported that berberine can scavenge reactive oxygen species (ROS) and reactive nitrogen species (RNS) [17, [23] [24] [25] [26] [27] . For instance, among the RNS, peroxynitrites (ONOO − ) generated through the reaction between nitric oxide (NO·) and superoxide anion radical in vivo has been implicated in Aβ formation and accumulation. Previous studies showed that berberine can scavenge both NO·and ONOO − [17, 25] . Secondly, berberine can inhibit lipid peroxidation and show protective effects against low-density lipoprotein (LDL) oxidation [23, 27, 28] . In addition, it was found that berberine can also bind catalyzing metal ions, which can reduce the concentration of metal ions in lipid peroxidation [28] .
AChE and BChE Inhibitory Activity
AChE is mainly present in the central nervous system and its principle role is to catalyze the hydrolysis of the neurotransmitter acetylcholine (ACh) to choline. This process can return an activated cholinergic neuron to its resting state. The pathogenesis of AD is linked to a deficiency in the brain ACh [6] . Thus, AChE is an important pathogenic factor of AD and most pharmacological study to screen agent to combat AD has focused on AChE inhibitors to alleviate cholinergic deficit and improve neurotransmission [6, 29] . In addition, BChE also plays an important role in the aetiology and disease progression of AD beyond regulation of synaptic ACh levels [30] . It has been found that Aβ neurotoxicity is amplified when BChE is added to Aβ in tissue culture [31] . Gene studies found a potential allelic link between K-variant of BChE (BChE-K) and development AD [32] . These findings support a potential therapeutic role for BChE inhibition in AD.
Many studies proved that berberine exerts inhibitory effect against AChE [17, [33] [34] [35] [36] [37] . Jung and co-workers reported that berberine can inhibit AChE with an IC 50 of 0.44 µM [17] and a close value of 0.58 µM and 0.37 µM was reported by Ingkaninan et al. [34] and Huang et al. [37] , respectively. Xiang et al. have explored the molecular mechanisms underlying the inhibition of berberine with AChE [38] . They proposed that the binding of berberine to AChE is principally driven by a favorable entropy increase and the inhibition of AChE with berberine consists of the main contributions of interaction as well as minor conformation change of AChE induced by berberine [38] . In addition, berberine is also found to be a BChE inhibitor and the corresponding IC 50 was estimated to be 3.44 µM [17] . Thus, berberine acts as dual inhibitors of AChE and BChE.
MAO Inhibitory Activity
There are two isoforms of MAO in humans, designated as MAO-A and MAO-B. MAO-A inhibitors have been proven to be effective antidepressantn, while MAO-B inhibitors are potential agents to combat neurodegenerative diseases, including AD and Parkinson's disease [39] . The mechanisms underlying the neuroprotective effects in AD of MAO-B inhibitors have been reviewed by Riederer et al. [40] . Berberine has been demonstrated to inhibit both MAO-A and MAO-B [41] [42] [43] [44] . Berberine is reported to exhibit inhibitory activity on MAO-A with an IC 50 value of 126 µM [41] . The inhibitory effect of berberine against MAO-B has also been observed [42, 44] . Castillo and coworkers reported the IC 50 for the inhibition of berberine against MAO-B using benzylamine (substrate) method and direct fluorescence method, and the IC 50 was estimated to be 98.4 µM and 90 µM, respectively [44] . These values are in agreement with that obtained by Lee et 
Aβ Level-Reducing Activity
The accumulation and aggregation of Aβ is a central event in the pathogenesis of AD [1] [2] [3] . Aβ is generated from amyloid precursor protein (APP). Therefore, the inhibition of Aβ generation should be a promising therapeutic strategy in treating AD. It is interesting to find that berberine can reduce Aβ levels [45] . Asai and coworkers reported that berberine can reduce Aβ levels by altering APP processing in human neuroglioma H4 cells that stably express Swedish-type of APP at the range of berberine concentration (0.1-100 µM) without cellular toxicity [45] .
Cholesterol-Lowering Activity
Previous epidemiologic study indicated that there is a decreased prevalence of AD associated with the supplement of cholesterol-lowering drugs [46] . Simons et al. investigated how cholesterol might modulate Aβ deposit formation and proposed that decreased neuronal cholesterol levels can inhibit the Aβ-forming amyloidogenic pathway possibly by removing APP from membrane microdomains and reduce the ability of Aβ to act as a seed for further fibril formation [47] . Moreover, Puglielli et al. and Wolozin also reviewed the molecular mechanisms underlying the cholesterol-AD relationship and proposed that cholesterol-lowering drugs have great potential to combat AD [48, 49] . Kong et al. found that oral administration of berberine can effectively reduce serum cholesterol and LDL-cholesterol levels in hyperlipidemic hamsters and human hypercholesterolemic patients and the mechanism of cholesterol-lowering action of berberine is different from that of the statin drugs [50] .
Other Activities
There are other activities of berberine which may be involved in its anti-AD potential. Accumulating evidences indicate diabetes act as a risk factor for AD, most likely associated with an impairment of insulin signaling in the brain [51] . In a recent experiment the diabetes drug liraglutide is proved to prevent key neurodegenerative developments in a mouse model of AD [52] . The efficacy and safety of berberine in the treatment of type 2 diabetes have been reported [53, 54] , which reinforces the anti-AD potential of berberine. This is further supported by the recently reported beneficial effect of berberine in ameliorating memory dysfunction in a rat model of streptozotocin-induced diabetes [55] . Moreover, glucagon-like peptide-1 (GLP-1) is an endogenous insulinotropic peptide and has been recognized as an attractive agent to treat type 2 diabetes. GLP-1 has been proved to protect neurons from toxic effects and proposed as a novel therapeutic target for intervention in AD [56, 57] . Previous studies found that berberine treatment can increase GLP-1 (7-36) amide secretion in streptozotocin-induced diabetic rats [58] and berberine can modulate GLP-1 release as demonstrated both in vivo and in vitro experiments [59] . The effects of berberine on GLP-1 may also contribute its anti-AD potential.
In addition, mitochondria have been found to be central players in mediating neuronal stress relevant to the pathogenesis of AD [60] . Mitochondrial dysfunction and energy deficiency are recognized to be the early feature of AD [60] . The mitochondrial effects of berberine have been investigated [61, 62] . Pereira et al. reported the interaction of berberine with mitochondria both in situ and in isolated mitochondrial fractions and found that berberine is accumulated by mitochondria of a mouse melanoma cell line, leading to mitochondrial fragmentation and dysfunction, while in isolated mitochondrial fractions, berberine is toxic to mitochondria [62] . Whether the mitochondrial effect of berberine is beneficial to AD treatment or not needs to be further studied.
Conclusions
In summary, berberine possesses multiple activities which may be involved in anti-AD potential, including antioxidant activity, AChE and BChE inhibitory activity, MAO inhibitory activity, and its abilities to reduce Aβ level and to lower cholesterol (Figure 2 ). In addition, there is fruitful information on berberine's safety profile [63, 64] . Berberine is generally considered to be non-toxic at doses used in clinical situations and lacks genotoxic, cytotoxic or mutagenic activity [64] [65] [66] . Berberine can be administered orally [67] and pass through the blood-brain barrier [68] . Therefore, it is suggested that berberine is a potential multipotent agent to combat AD. 
